Unprecedentedly high-density (up to 79 wt%) immobilization of monodispersed gold nanoparticles (AuNPs) within mesoporous silica SBA-15 is achieved by variation of their pore size and pore-pore connectivity to enable a full access of AuNPs to the large and high-affinity internal surface of mesoporous silica (MPS) SBA-15. In addition, according to the adsorption kinetics, dipole-induced dipole interaction is suggested to be the primary driving force for adsorption of AuNPs on silica. Interestingly, the high internal surface of MPS shows much higher affinity to AuNPs than the external surface. The optical properties of these densely immobilized AuNPs are also investigated, demonstrating that a plasma coupling exists between closely spaced AuNPs.
INTRODUCTION
Metal nanoparticles are of great importance in the fields of catalysis, separation, magnetism, optoelectronics, and microelectronics owing to their unique physical and chemical properties. Among them, gold nanoparticles (AuNPs) have received increasing research attentions because of their interesting size-dependent optical, magnetic, electronic, and catalytic properties. 1 In most cases, the successful application of AuNPs largely depends on the capability to stabilize them in harsh conditions while retaining their functions and activities. This is frequently achieved by immobilizing AuNPs onto organic and inorganic architectures. 2 In particular, the immobilization of AuNPs on the surfaces of mesoporous silicates, and various pore diameters and structures is quite attractive as these systems offer well-ordered pores with controllable size, high surface area, and large pore volume. Traditional ways to prepare AuNPs/MPS composites include incipient wetness * Authors to whom correspondence should be addressed † These two authors equally contributed to this work.
impregnation, ion exchange, deposition-precipitation, and chemical vapor deposition of organometallic precursor, where the control of the size and surface morphology of AuNPs remain a challenge. 3 Recently, an emerging concept in the design of AuNPs/MPS is to pre-synthesize AuNPs coating with stabilizing ligands to control their size and morphology, and subsequently encapsulate or immobilize them onto high surface area MPS. 4 The decoupling of AuNPs synthesis and immobilization provides exquisite control of the nanoparticle size as well as its corresponding size-dependent optical, electrical, and catalytic properties. However, this approach is suffering from relative low amount of AuNPs loading. It has been reported that the maximum loading amount of AuNPs coating with dodecanethiol within mesoporous silica is only up to 3.1 wt%. 4a So far, high-capacity loading ( >10 wt%) of AuNPs has not been achieved using this immobilization technique, but would be of great interest in specific applications where close spacing of AuNPs is required, such as plasmon coupling for surface-enhanced Raman spectroscopy (SERS). 5 As would be expected, the pore size of MPS should be sufficiently large for "comfortable" entrapment of AuNPs.
2b 3b 4a
Herein, by varying the mesoporous structure of SBA-15, we report unprecedentedly high-capacity (up to 79 wt%) immobilization strategy for loading AuNPs within SBA-15. It is revealed that both of the pore size and pore-pore connectivity of MPS is crucial to a full access of AuNPs to their large and high-affinity internal surface. In addition, according to the adsorption kinetics, dipoleinduced dipole interaction is suggested to be the main driving force for adsorption of AuNPs on silica. Interestingly, the high internal surface of MPS shows much higher affinity to AuNPs than the external surface. The optical properties of these densely immobilized AuNPs are also investigated, demonstrating that a plasma coupling exists between closely spaced AuNPs.
EXPERIMENTAL SECTION

Materials
Tetraethyl orthosilicate (TEOS, 98%), hydrochloric acid (HCl, A.R.), ethanol (C 2 H 5 OH, A.R.), benzene, ether and chloroauric acid tetrahydrate (HAuCl 4 · 4H 2 O, A.R.) were purchased from Sinopharm Chemical Reagent Co, Ltd. (SCRC). Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123) were obtained from Aldrich. Triphenyl phosphine (98.5%) was purchased from Fluka. All chemicals were used as received.
Synthesis of Silica Supports
MPS SBA-15 materials were prepared using the block copolymer EO 20 PO 70 EO20 (Pluronic P123) as the structure-directing agent. In a typical synthesis, 1.5 g of P123 and 2.25 g of potassium chloride were dissolved in 90 mL of 2.0 M HCl at 40 C. To this solution, 6.53 mL of tetraethyl orthosilicate (TEOS) was added under vigorous stirring. After 1 h, the mixture stood statically and was aged for 24 h, and then transferred into an autoclave and heated at desired temperature for another 24 h. The solid products were collected by filtration, washed with water, and dried at room temperature in air. The final mesoporous products were obtained by calcination at 450 C (5 h, in air), and denoted as SBA-15-X, where X designates the hydrothermal treatment temperature.
Synthesis of AuNPs
The synthesis of AuNPs is similar to the method reported by Zheng et al. 6 In a typical synthesis, 100 mg of AuPPh 3 Cl was mixed with 400 L of dodecanethiol in 20 mL of benzene to form a clear solution, to which 84 mg of NaBH 4 was then added in one portion. The mixture was heated with stirring at 55 C for 7 h before the reaction system was cooled to room temperature. AuNPs were precipitated out from the reaction mixture as black solid powders by addition of 20 mL of ethanol. The precipitate was separated by centrifuge, washed with ethanol. Finally, the precipitate was dried naturally. Monodispersed AuNPs (3 3 ± 0 3 nm) pack in hexagonal arrays with particleto-particle distance of 5.3 nm. The effective size of the AuNPs, defined as gold core plus ligand shell, is estimated to be equal to particle-to-particle distance (i.e., 5.3 nm).
Preparation of AuNPs/MPS SBA-15
AuNPs was loaded into MPS SBA-15 by a colloid deposition method. Desired amount of AuNPs were dissolved in 25 ml of chloroform. To this solution, desired amount of MPS SBA-15 was added. After 30 min stirring, the solid product was centrifuged and dried in air. The AuNPs/MPS SBA-15 was calcined at 450 C for 5 h (in air) to evaluate their anti-sintering properties.
AuNPs Adsorption Isotherms on/Within MPS
SBA-15 A various standard AuNPs chloroform solution with concentration ranging from 3 3 × 10 −3 mg/mL to 1.0 mg/mL were prepared. In each adsorption experiment, 30 mg of MPS SBA-15-X was suspended in 25 mL of AuNPs chloroform solution. The resulting mixture was periodically shaken at 25 C until equilibrium was reached (24 h). The AuNPs adsorption quantities were calculated by the following equation:
where C 0 is initial concentration of gold colloid in chloroform, C e is the equilibrium concentration obtained from UV-vis absorbance measurement; m is mass of SBA-15-X; V is the volume of AuNPs chloroform solution.
Measurement and Characterization
UV-Vis absorbance spectra of the gold colloid were obtained on a UNICO UV-2802PC spectrometer. The diffuse reflectance spectra of solid of SBA-15 adsorbing AuNPs were collected on a Shimadzu UV-2401PC spectrophotometer. Nitrogen adsorption isotherms were measured at −196 C on a Micromeritics ASAP 2020 adsorption analyzer. Before adsorption analysis, calcined samples were degassed under vacuum at 200 C in the port of the adsorption analyzer. Small angle X-ray diffraction patterns of SBA-15-60, −100, −120, and −140 were obtained on a Bruker D8 advanced X-ray powder diffractometer. ICP element analysis was done on an IRIS Intrepid II XSP ICP spectrometer. Transmission electron microscopy (TEM) images were recorded on a JEOL JEM-1230 operated at 100 kV. The sample was embedded in epoxy resin, and then microtomed into sub-100-nm ultra thin film at room temperature. These thin film samples in water or other solvents were collected by copper mesh with polymer micro grid for TEM imaging. 
RESULTS AND DISCUSSION
Characterization of Mesoporous SBA-15
Nitrogen adsorption isotherms and SAXS were used to characterize the mesoporous SBA-15 powders. Figure 1 represents the nitrogen adsorption/desorption isotherms at 77 K of SBA-15-X (X represents hydrothermal treatment temperature). Nitrogen adsorption isotherms for the SBA-15-X samples under study ( Fig. 1 ) are similar to those previously reported by Zhao et al. Mesoporous silica SBA-15 yields an isotherm (type IV) with H 1 -type hysteresis which is typical of mesoporous materials with 1D cylindrical channels. The positions of the adsorption branches for SBA-15 shifted toward higher pressures as the hydrothermal treatment increased. Since the capillary condensation pressure is an increasing function of the pore diameter, 7 the observed behavior confirms that the pore size of SBA-15 can be enlarged by elevating the hydrothermal treatment temperature, as reported before. 8 The cell parameter also varies with hydrothermal treatment temperature. In our case, the nitrogen isotherms of SBA-15 treated at different hydrothermal treatment temperatures show the same regularity (Fig. 1) . The pore size, volume and surface area of SBA-15 are shown in Table I . Obviously, the pore size and volume increased with hydrothermal treatment temperature. Importantly, the pore size of SBA-15-140 increased to 9.7 nm, which enables access of the AuNPs to large and high-affinity internal surface of SBA-15-140 up to Q m 79.0%. Note: a Calculated from the desorption branches of the isotherms using a modified Broekhoff-de-Boer (BdB) model.
The small-angle XRD pattern for as-synthesized mesoporous silica SBA-15 shows three well-resolved peaks (Fig. 2 ) that are indexable as (100), (110) and (200) diffractions respectively, which indicates the structure of a well-ordered two-dimensional hexagonal p6 mm structure. By analyzing small angle X-ray diffraction (SAXS) patterns of SBA-15-X, their cell parameters were obtained (Fig. 2) . The cell parameters increase with elevating hydrothermal treatment temperature and reach the maximum for SBA-15-120 (11.8 nm). For SBA-15-140, slight decreases in cell parameter (from 11.8 to 11.3 nm) and surface area (from 542 to 380 m 2 /g), while increase of pore size (from 7.8 to 9.7 nm) were observed as compared with SBA-15-120. It has been reported that the micropores in the wall will collapse into mesopores at high hydrothermal treatment temperature, resulting in surface area reduction. The slightly decreasing of cell parameter and the increase of pore size for SBA-15-140 is reasonably attributed to this shrinkage of wall.
TEM Observations
AuNPs supported on different SBA-15-X (X designates the hydrothermal treatment temperature) carriers are systematically investigated. They were prepared by colloid deposition from non-aqueous solution. The synthesis of monodispersed AuNPs followed the previously reported method. Typical TEM image of the as-prepared AuNPs is shown in Figure 3(A) , and the inset shows the corresponding size distribution. Monodispersed AuNPs (3 3±0 3 nm) pack in hexagonal arrays with particle-to-particle distance of 5.3 nm. The effective size of the AuNPs, defined as gold core plus ligand shell, is estimated to be equal to this distance, that is, 5.3 nm. TEM analysis of thin microtome (thickness < 100 nm) section of AuNPs/SBA-15-60 clearly reveals that most of AuNPs locate on the external surface (Fig. 3(B) ). In contrast to AuNPs/SBA-15-60, the AuNPs disperse well within mesochannels of other SBA-15-X samples (Figs. 3(C)-(F) ). According to our experimental results, we found that most of AuNPs are still in the mesochannels in SBA-15-140 after calcination even the loading amount increased to 51 wt%, as shown in Figures 3(D)-(F) . This result is different from some previous reports, in which people found that AuNPs should come out of the channels, or become Au nanorods in the channels with thermal treatment. We believe that 
Adsorption Isotherms and the Driving Force
The adsorption isotherms of the AuNPs on MPS SBA-15 are shown in Figure 4 (A) (see 2.5 for the method). All isotherms show a sharp initial rise of AuNPs adsorbed quantity, suggesting a high affinity between AuNPs and silica surface in chloroform solvents. Finally, the isotherms reach a plateau, which is a typical character of Langmuirtype isotherm. The quantity of AuNPs adsorbed on SBA-15 can be fitted with Langmuir equation,
where Q is the quantity of AuNPs adsorbed (mg/mg); C is the AuNPs concentration in liquid phase at adsorption equilibrium (mg/mL); Q m is the maximum quantity adsorbed as C increases (mg/mg), and K is the Langmuir binding-strength coefficient (mL/mg). In the present study, SBA-15-140 demonstrated the highest AuNPs immobilization capacity (79%), while the SBA-15-60 showed the lowest adsorption quantity (1.1%) (SBA-140 >> SBA-15-120 > SBA-15-100 >> SBA-15-60) ( Table I ). To the best of our knowledge, up to 79% AuNPs loading is the highest AuNPs immobilization capacity that has been achieved on MPS so far. More importantly, the Langmuir bindingstrength coefficient of AuNPs/SBA-15-140 adsorption system is 349, while the value of AuNPs/SBA-15-60 system is 43, indicating much stronger affinity between the AuNPs and SBA-15-140 comparing with the interaction between the AuNPs and SBA-15-60. The pore size of SBA-15-140 is 9.7 nm, which approaches to twice the effective size of AuNPs, enabling access of the AuNPs to large and high-affinity internal surface of SBA-15-140. It is worthy of noting that the Q m of SBA-15-140 is about 10 times higher than that of conventional SBA-15 (SBA-15-100, Q m = 7 0%). Such a surprising increase of the AuNPs adsorption is hard to be solely explained by pore size expanding. It has been reported that high-temperature (e.g., 140 C) hydrothermal treatment can produce mesotunnels (2∼8 nm) on the wall of SBA-15 to form a modified three-dimensionally mesoporous SBA-15. 9 The improved pore-pore connectivity through the mesotunnels can thus not only provide extra adsorption sites for the AuNPs but also facilitate the diffusion and transport of the AuNPs to allow a full access to the deep internal surface.
Solvent has been reported to have large effect on the adsorption of AuNPs on SBA-15. 4a However, in our case, such solvent effect is not observed. For example, when AuNPs are dispersed in polar solvents, such as toluene, the isotherm curve and adsorption quantity on SBA-15-120 remain the same (Fig. 4(B) ). This result indicates that the strong interaction between AuNPs and SBA-15 inhibits the solvent effect to a great extent. It is well known that abundant hydroxyl groups are present in SBA-15 silicate; the number of silanol groups is 3.7 per nm 2 on its inner surface (pore diameter = 8 9 nm). 10 AuNPs tend to be polarized as they interact with these negatively charged hydroxyl groups, resulting in the dipole-induced dipole interaction which has been suggested to be the main driving force for adsorption of AuNPs on silica.
4b Therefore, we argue that the enriched hydroxyl groups on the surface of SBA-15 are primarily responsible for the interaction between AuNPs and SBA-15. To confirm this, the isotherm of AuNPs adsorbed on SBA-15-120 in the mixed solvent (V toluene /V benzylalcohol = 1:1) was monitored (Fig. 4(B) ).
Choosing benzyl alcohol as the co-solvent has some merits: 1) benzyl alcohol molecules can form hydrogen bond with hydroxyl groups, which in turn reduces the negative charge on the surface of SBA-15, and 2) the benzene ring results in the surface of silica apolar and steric interference conspicuous, which makes AuNPs approaching and diffusion to the surface of silica very difficult. According to our experimental results, we found that the maximum adsorption is much lower in the 50% chloroform/50% benzyl alcohol mixed solution than the one in the chloroform. Considering the fact that more hydroxyl groups are present on the surface of MPS treated at higher hydrothermal treatment temperature, the opposite adsorption behavior in the mixed solvent compared to the chloroform suggests that hydroxyl group indeed plays an important role in adsorption of AuNPs on the surface of MPS. The exact location of AuNPs within the mesochannels versus on the external surface is an important issue for AuNPs/MPS composites to realize their proper functions. The huge gap of K suggests that the adsorption sites on SBA-15-60 and SBA-15-140 is quite different. Since the pore size of SBA-15-60 is smaller than the effective size of AuNPs, the adsorption location of AuNPs is expected on the external surface of SBA-15-60. TEM analysis of thin microtome section of AuNPs/SBA-15-60 clearly reveals that most of AuNPs locate on the external surface (Fig. 3(B) ). In contrast to AuNPs/SBA-15-60, the AuNPs disperse well within mesochannels of other SBA-15-X samples (Figs. 4(C)-(F) ). The AuNPs are susceptible to aggregation and become larger after calcination due to the decreased melting point of nanoparticles, but it allows a better TEM evaluation of the location of the AuNPs. Thus, the large gap of K can be explained by the huge different affinity of AuNPs to internal surface versus to external surface. We suspect that the concaved internal mesochannel surface, and abundant polar silanol groups favor the dipole-dipole interaction between AuNPs and silicate surfaces, which cause the internal surface shows much high affinity to AuNPs. SBA-15-100 shows the highest binding strength to AuNPs (K = 985 mL/mg). It may due to the dimension matching between AuNPs (5.3 nm) and the cylindrical mesopores of SBA-15-100 (6.5 nm) that allows AuNPs fully interact with surrounding polar silanol groups.
Adsorption Kinetics
Since the adsorption behaviors of AuNPs on SBA-15-60 and SBA-15-120 are different from each other. The former has an equilibrium adsorption quantity of only 1.2 wt%, while the latter exceeds 10.6 wt%. Thus SBA-15-60 and SBA-15-120 were selected as prototypes for further investigation of the adsorption kinetics of AuNPs. Kinetics models such as pseudo second order, pseudo first order and intraparticle diffusion models were referred to as Eqs. (1) to (3), respectively. As shown in Figures 5(A) and (B) , the overall kinetics processes of SBA-15-60 and SBA-15-120 were fitted to pseudo second order model in the initial stage. The equation 11 is represented as:
where t is time of adsorption; Q t is the quantity of adsorption at time t; k 2 is the rate constant of adsorption for pseudo second order model. In the case of SBA-15-120, a perfect linear relationship consistent with pseudo second order model is observed (Fig. 5(B) ). However, as compared with SBA-15-120, the overall kinetic process of adsorption on SBA-15-60 is slightly deviated from pseudo second order model. In addition, both of SBA-15-60 and SBA-15-120 deviated from the second order model deeply at the first minute. Therefore, the pseudo first order model was applied to this stage (Figs. 6(A) and (B)).
11
The pseudo first order model kinetics equation is represented as:
Although a linear relationship can be fitted for SBA-15-60 with a correlation coefficient of 0.995, the curve fluctuated slightly (Fig. 6(A) ). Inversely, for SBA-15-120, the kinetic process conforms to the pseudo first order model well with a linear correlation coefficient of 0.99803 (Fig. 6(B) ). These results indicate that the rate of adsorption mainly depends on the concentration of gold colloids at the initial stage of adsorption. It should be noted that the nanoparticle diffusion in channels should be considered when porous adsorbent is used. Intraparticle diffusion model is thus adopted according to previous report:
where k d is the rate constant of intraparticle diffusion. According to the adsorption curves, only SBA-15-60 was involved with the intraparticle diffusion at low initial concentration since a linear relationship to t 1/2 in the last part of the curve can be obtained after fitting (Fig. 7(A) ). The intraparticle diffusion occurs after adsorption is carried on for about 25 min. With respect to SBA-15-120, almost all of AuNPs quickly adsorbed on SBA-15-120 at this low initial concentration, and the bulk concentration approached to zero very soon (Fig. 7(B) ). There is no observable intraparticle diffusion part for the curve. The quantity of adsorption remains still with time increasing.
All of the rate constants and correlation coefficients for different kinetics model are shown in Table II . Obviously, the rate of adsorption on SBA-15-120 is faster than on SBA-15-60 whether with pseudo first order or pseudo second order model. Especially, the rate constant on SBA-15-120 is almost ten times higher than on SBA-15-60 with regard to pseudo second order model. Furthermore, the rate constant of intraparticle diffusion in SBA-15-60 is as low as 1 88 × 10 −4 min −1/2 . Since k d is proportional to the quantity of adsorption at t while the equilibrium quantity of adsorption on SBA-15-120 is far larger than that on SBA-15-60 (Fig. 4(A) ), it can be suggested that the intraparticle diffusion in SBA-15-120 is considerably rapid. Therefore, at low initial concentration of adsorbate, it is difficult to observe this process because the adsorption on SBA-15-120 did not reach the equilibrium.
UV-Visible Absorbance Spectra
The optical properties of metal nanopaticles depend on their size, shape and dielectric environment.
12 It is well known that AuNPs with size larger than 2 nm show a surface plasmon band (SPB) in the visible region. 13 The SPB maximums ( max ) of free AuNPs, AuNPs/SBA-15-60 and AuNPs/SBA-15-120 without calcination were peaked at 500, 511, and 511 nm, respectively (Fig. 8) . According to the literature report, the interface interaction between AuNPs and pore walls of MPS will lead to the deficiency of surface free electrons on AuNPs surface and thus to the red-shift of SPB.
14 Furthermore, it is noteworthy that max of SPB cannot be affected by the pore size of SBA-15. Increasing the adsorbed amount of AuNPs within SBA-15 results in the reduction of the spacing between two AuNPs. Plasmon coupling occurs when the spacing is 2.5 times less than the short-axis length of AuNPs. 15 TEM analysis reveals that AuNPs are densely distributed within mesopores of SBA-15-140 when AuNPs loading is as high as 50.9 wt%. The spacing between two neighboring AuNPs is in the range of 0∼3 nm, 2.5 times less than the core size of AuNPs. As shown in Figure 8 , a significant peak broadening is observed for AuNPs loaded SBA-15-140, which can be attributed to plasma coupling existing between closely spaced AuNPs due to the unprecedentedly high AuNPs loading. Therefore, AuNPs/SBA-15-140 can be potentially applied for SERS and plasmonic waveguide applications.
CONCLUSIONS
In summary, we have demonstrated an unprecedentedly high-capacity immobilization (79 wt%) of AuNPs within a modified three-dimensional mesoporous SBA-15. It has been revealed that both of the pore size and pore-pore connectivity of MPS is crucial to a full access of AuNPs to their large and high-affinity internal surface. The adsorption kinetics is carefully studied, demonstrating that the dipole-induced dipole interaction is the main driving force for adsorption of AuNPs on silica. Direct immobilization of the pre-synthesized AuNPs on/within MPS is a rational procedure for the fabrication of AuNPs/MPS composite. The well-defined structural variables of MPS allows exquisite control of loading location and amount of AuNPs, and their respective optical, electric, and catalytic properties.
